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ABSTRACT

—~The conversion, described herein, of a pre-existing Hypervelocity Plasma

Generator Facility to operate in a regime of importaace to particle beam
research has been completed. The facility is now capable of producing a
plasma flow-magnetic field environment that in a scaled manner simulates
the exoatmuspheric propagation of a plasmoid across the geomagnetic
field, A full set of flow and field diagnostics have been implemented
and calibrated., It includes magnetic field probes for the slowly varying
transverse background and the fast varying motionally induced fields, a
laser schliren system for monitoring density gradient structure of the
beam and time-of~flight fast photodiode probes for beam velocity measure-
ments. Port access is available for monitoring directly electrostatic or
electromagnetic fields associated with beam propagation. In tandem with
experimental activity a theoretical analysis effort has been initiated,
in interaction with theoreticians at Los Alamos Natiomal Laboratory,
which intends a significant contribution to the stability analysis of a
bounded plasma beam which can exhibit polarization and/or diamagnetic
effects. No satisfactory theory or numerical simulations are currently

available for that intrinsically three-dimensional dynamics.
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INTRODUCTION

There is an extensive literature, spanning more than four decades, des~
cribing investigations of spatially localized streams or plasma-magnetic
field entities (plasmoids) in interaction with background magnetic field
environments. Those investigations include theoretical analyses, com-
puter simulations, and experimental research efforts. The large fractiom
of these investigations, however, have concerned plasma interactions
characterized by MAﬁl’ where M, is the Alfven mach number defined

A
such that:

Mi = (plasma flow velocity/Alfven speed)2 g
= (plasma kinetic emergy density)/(magnetic field emergy
density) !
= It is well established that in such regimes, the plasma is either é

strongly decelerated (and/or trapped) by the transverse magnetic field or

propagates unimpeded (only after undergoing charge polarization effects)

- at the reduced ExB drift velocity. Very little work has been done in the 1
"guper~Alfvenic" regimes: MA>>1. This is the regime of critical
importance in the exoatmospheric propagation of very energetic r:utral-

tn ized charged particle beams. Recent computer simulations in thst regime

(e.g., those of the theory group effort at Los Alamos National Laboratory :
(LANL)) have shed some light on propagation dynamics but have been handi-

capped by the following limitations:

i
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: a, The lack of any clearly justifiable choice criteria for selecting
among the many possibilities for collective mode instabilities in
that growth rates depend critically upon assumed initial plasua

flow structures.
b. The computational complexity and time intensivity of full three-
dimensional simulations necessary tc treat correctly the boundary

& effects which are inescapable in actual beam propagation. é

¢. The limited ability to follow the plasmoid for long (simulatiorn)

it

propagation distances (related to computer memory size/computa-

tion time limitations) and/or the inability to choose rationally

among possible computation box boundary conditions.

i

d. An absence of knowledge of the significance of nonlinear proc-
esses in either saturating linearly growing instabilities or

aggravating their effect.

4
=

Associated theoretical efforts have almost always been restricted to

linearized treatments and/or have assumed (for tractability) highly

simplified geometries.
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It that light, a carefully organized set of scaled simulation experiments

~ can thus provide important new knowledge which can support and complement

the theoretical and computer simulation efforts. This is the signifi-
cance of the effort supported by the contract (F49620-81-C~0021) now
ended. The experimental facility which was used is located at Morehouse
College, Atlanta, Georgia and was made available to AMAF Industries, Inc,

on a leased basis.
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STATEMENT OF WORK

The research objectives for the effort as proposed were defined by the

following tasks (see Appendix A for the Statement of Work as it actually

appeared in the contract document):

1. Establish effective channel of communications with existing computer

simvlation groups (e.g., LASL).

2. Review published literature on experimental and theoretical research

on instabilities in the plasma flow regime MAz} for applicable insights.

3. Reconfigure existing hypervelocity plasma flow generator facility to

operate with nigh reproducibility in the regime M,>>1 as well as MAZ}.

A

This will involve (as simple engineering tasks):

Extension of the vacuum chamber in the flow direction by addition

of a four-foot pyrex glass pipe section.

Redesign and reconstruction of the magnetic field producing coil
system (currently a Helmholtz pair) to produce an approximately

uniform field over the extcnded flow channel.

o 'IU“M@;WMWM ful




c. Addition of a ballast chamber, a precision leak valve, a mechan-
ical vacuum pump, and a vacuum gauge to suppiy controllable quan-
tities of selected gases to the breech of the gun (operating in

the g5 "puff" mode).
4, Construct and calibrate fast response mugnetic, electric and current
probes for flow diagnostics (designed by well-known techniques, to have

response time < 0.1 ftsec).

5. %PYrocure and bri.g to operational status a fast optical system (image

ceqver:on or Ker: optics) for macroscopic structure observations.

6. Begin program of exp-rimental parmetric surveys (with full diagnostic

2 monitoring):

a. Plasma beam velocity.

b. Plasma beam density.

Y

. c¢. Plasma beam particle mass (variations in composition).

d. Propagation chamber ambient pressure.

». Baeckground magnetic field intensity.

f. Background magnetic field structure.

e
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7. Analyze results of experimental surveys as to:

a. Dependence of propagation stability on parameter values,

b. Characteristic of instability structure (growth rates, spatial

scales, onset conditions, saturation levels).

8. Summarize results in form for inclusion in computer simulations

(especially in computer simulation areas a. and d. described previously).

9. Investigate experimentally (guided by appropriately modified LASL
computer code predictions as they become available) possible means for
stabilizing the propagating beam with an aim of achieving the highest

energy ir the beam consistent with stability,

7 (and 8)
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STATUS OF THE RESEARCH EFFORT

THE FACILITY CONVERSION:

The facility utilized was located in the Department of Physics at More-

house College in Altanta, Georgia. It had previously been used in a

Department of Energy sponsored research effort in pulsed, inductive

o

direct eunergy conversion based on radial expansion flows. The major

components of the system are:

- 1. The coaxial plasma gun and associated capacitor bank.

2. The magnetic field coil system and associated capacitor bank.

e ——— N S

3. The vacuum chamber and associated pumps.

4, Plasma and field diagnostics.

S. The data acquisition/control room.

A large area view of the above-table-top~visible pirtioa of the facility

is provided in Figures la and 1b.




-

w

1. The Coaxial Gun and Capacitor Bank
The coaxial plasma gun is a standard Marshall gun configuration capable
of being either metallic foil or gas "puff" Lreech loaded. In the gas
"puf f" mode it is loaded by a thyratron controlled, solenoid actuated gas
valve., The gun is constructed of copper outer and brass rod inner elec-
trodes with an outer radius/inner radius of 4 and a length of 10 cm. The
plasma composition options include He, N, A, or various metals (from
foils). Details of the construction of the gun is provided in Figures 2a
and 2b. The capacitor bank for the gun is comprised of 8 capacitors
rated at 15 uf and 20 KV in parallel yielding a maximum storage of 24
kilojoules, The energy in the bank in switched by 4 type GL-7703 igni-
trons in parallel (Figure 3). The capacitor bank switched into the gun
has a "ring" frequency of approximately 10 kHz. A typical storage oscil-
loscope trace of the gun voltage is shown in Figure 4., Nominal plasma
densities and flow velocities are respectively 10?‘2111.3 and 10 km/sec.

Figure 5 is an open shutter photograph of the beam.

2. The Magnetic Field Coil System and Capacitor Bank

The transverse magnetic field is produced by a rectangular coil array
extending most of the length of the vacuum chamber. The coils are
visible in Figures la and 1b, The coils consist of 4.turns each and are
145 cm long, 30 ¢m wide and are separated by 25 cm. The array has an
effective inductance of approximately 100 uh. The array is powered by a
capacitor bank comprise of 4 capacitors irn parallel each rated at 60 uf

and 20 KV. The bank is switched by 4 type GL-7703 ignitrons in parallel.

10
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The calculated field profiles (normalized to the field at the array
center) are plotted in Figures 6a and 6b for the orientation: x, width;
y, length; z, separation. Figure 7 shows the array location on the
vacuum chamber. The capacitor bank "dumps" into the array with a pulse
(critically damped) that peaks in 200 usec and zeroes in 500 usec.
Figure 8 shows a typical field signal as picked up by a magnetic field

probe at the array center. With 3 KV on the bank, the field at the

center is measured to be approximately 0.05 weber/m2 (500 gauss). The
fic.d is proportional to the bank charge voltage over a large range of
initial charge. An estimate of the fields required to operate in the

Mﬁs71 regime ig calculated in Appendix D,

3. The Vacuum Chamber and Pumps
The vacuum chamber is constructed out of 6" diameter Corning pyrex sani-
tary drain pipe sections with rubber gaskets. Figure 9 shows the overall

dimensions of the chamber. The gun is mounted on the axis of the “T" end.

The chamber is pumped by a large, two-stage mechanical pump (Welsh 1397) %
=
and a small oil diffusion pump with backing pump to the 1-10 uHg range. ‘%
=

4, Plasma and Field Diagnostics

The background and short time-scale magnetic fields are measured by
magnetic probes connected to passive RC integrators. Figure 1C shows
such a probe inserted through #n access port into a crossed-T section. A
typical calibration for such a probe working into a 100 usec RC inte-

grator is 0.5 mV/gauss (5 V/weber/mz).




i

The plarma velocity is measured by "time-of-flight” techniques using a

bifurcated light pipe and a very fast response photodiode detector
(Tropel). Figure 11 shows the setup and Figure 12 shows the location of

the velocity probe as well as the field probe on the chamber.

The deunsity gradient structure of the beam is measured by a laser
schliren system (Kiefer & Lutz, 1965) with a 2 m travel path and using a
5 mwatt helium-neon laser as a source. “he geometry of the setup is
shown in Figure 13 and portions of the actual system are shown in Figures
l4a, 14b, and l4c. 1In this system the voltage from the photodiode

detector is proportional to the plasma (local) density gradient.

A fast optical Kerr cel” shutter system has been designed and constructed
but is not yet operative. This system will be used to obtain very short
time interval photographs (100 nsec) which will catch the beam at early
times in its propagation and allow for analysis of the mo.e structure of

any dynamic instabilities,

5. The Data Acquisition/Control Room

The control room is completely enclosed by a double screen shielded room,
Figure 15 shows the back of that enclosure and the BNC data/signal ports.
The control room instrumentation includes 4 Tektronix storage oscillo-
scopes (Figure 16a) for data monitoring. Precisely controllable trigger
signals are generated by the combination of a Tektronix 161/162 sgignal

generator and an Abtronics Model 100 4 channel time delay generator

(Figure 16b).
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STATUS OF THE EXPERIMENTAL EFFORT:

Tasks 1-4 of the Werk Statement have been completed as projected. Task 5
(re the fast optical system) is still in a design implementation and
testing phase. Task 6, the experimental parametric surveys, has just

begun. Preliminary results appear to show propagation with little

et it

velocity atrenuation, beam disruption, or magnetic field perturbation.
This mode of propagation would be consistent with the analysis of Baker
and Hammel (D. A. Baker and J. E. Hamuwel, “Experimental Studies of the
Penetration c¢f a Plasma Stream in a Transverse Magnetic Field," Physics
of Fluids 8, 713 (1965)) where E x B motion plays a dominant role in
propagation dynamics. It, however, is important to emphasize here that
these results are only preliminary. A careful measurement of fast time
scale magnetic processes during the field-flow intermixing region of the
dynamics of propagation has yet to be donme. Indeed, the first year of
this effort has been necessarily expended in bringing the facility to the

operational status where now such measurements can be done.

ot i P Sl el R Dt
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THE THEORETICAL EFFORT:

Although a great deal of theoretical analysis has been published on
across-field propagation of plasma beams, the large majority of it has
begun with assumptions (e.g., assumptions of polarized E x B steady
states) which are precisely those that are of issue here. The theo-

retical work that we have found the most relevant: W. R. Shanahan,




"Energetic Neutralized Plasma Beam Propagation Across A Magnetic Field,"
¥

Los Alamos Scientific Laboratory, LA-UR 81-2980C, itself is significantly

limited by simplifying assumptions. Moreover, the assumptions made limit
the degree to which the analytical solutions derived therein could be
?

valid., Indeed, we have not, even after careful analysis of the model for

L0

the propagation there presented, been able to come to the same mathemati-

i

2

cal results. We have initiated a dialogue with Dr. Shanahaa to resolve
i

these issues and to advance the quality of the theory. We propose, and

have initiated, a more adequate theoretical analysis which takes the

following into account:

1. The early time competition of diamagnetic and polarization

~wxxﬁmmmmwmwMﬂxﬁmwmmmmﬁmmﬁmwwmmwmm

(dielectric) response processes without making gross quasi-

steady assumptions (a simple transverse dielectric constan:,

for example).

F
:
z
A
3

The possibility of large amplitude. nonlinear evolution of the
field.

’
»
e

atanb €

The critical importance of beam boundaries on beam propagation

dynamics.

Pty

Such theoretical analysis will be critical to any experimental effort for

interpretation of the data and for projecting corrective mechanisms

should catastrophic instabilities be uncovered.
{
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LIST OF JOURNAL PUBLICATIONS

yw

There have been no journal publications resulting from the research as

by it

yet.

It is anticipated that results of interest to the plasma physics

dlidby ol

community from both the experimental and theoretical efforts will be

reported at the American Physical Society Plasma Divisional Meeting in

November of 1982.

PROFESSIONAL PERSONNEL

Principal Investigator - Dr. Carl Spight

Responsible for overall research direction, technical validity, and

project management.

Enicedt e o)
g oWt 5y e o e,

Member of Technical Staff - Dr. Ronald Graves

Initially responsible for computer aided design of magnetic field coils

and theoretical analysis.

Member of Technical Staff - Dr. Carlos Handy

Responsible for maintaining theoretical interaction with LANL and for

pursuit of analysis of bounded plasma propagation.

Member of Technical Staff - Alfredo Monge

R

Responsible for execution of experiment in the plasma generator facility

at Morehouse College, Atlanta, Georgia.




INTERACTIONS AND PRESENYTATIONS

An effective channel for interaction in the theoretical effort has been
established at Los Alamos National Laboratory (LANL) through Dr. William

R. Shanahan of the Applied Theoretical Physics Division. That inter-

action has allowed us to clarify the strengths and limitations of his
theoretical and numerical simulation analyses, to identify assumptions in

that work of a problemmatic nature, and to define a reasonable direction

for further theoretical analysis. Analysis of the stability of a bounded

plasma beam with the inclusion of polarizatiom effects has begun based on

the insights gained through that interaction.

PROJECTIONS FOR FUTURE EFFORTS

Although the conversion of the hypervelocity plasma generator facility
has been completed and a full set of diagnostics implemented, the year of
effort has not, however, allowed time enough for meaningful data to be

gathered on the stability properties of the beam in propagation across

the applied field. Thus, a survey of beam dynamics as a function of gun

and field parameters remains to be done. In addition, the absence of an

adequate theory or numerical simulation of the fully bounded beam propa-

gation regime points to the importance of bringing to closure the theo-~

retical effort now underway. This will ensure that an analytic context

will be available against which to make sense of the experimental data.
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APPENDIX A

Contract Statement of Work (F49620-81~C-0021)
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PART I - THE SCHEDULE
SECTION B - SUPPLIES/SERVICES AND PRICES -

0001 RESEARCH

The contractor shall furnish the level of effort specified in Section F,
together with all related services, facilities, supplies and materials needed to
conduct the research described below. The research shall be conducted during the

¥ period specified in Section F.

v

0001AA

(1) Establish effective channel of communications with existing computer
t simulation groups, such as those at LANSL.

(2) Review published literature on experimental and theoretical research
on instabilities in the plasma flow regime My Z 1 for applicable insights.

(3) Reconfigure Morehouse College hypervelocity plasma flow generator

facility to operate with high reproducibility in the regime Mp> =1 as well
t as Mpl.

This will involve (as simple engineering tasks):

(a) Extension of the vacuum chamber in the flow direction by addition
of a four foot pyrex glass pipe section.

(b) Redesign and reconstruction of the magnetic field producing coil
system (currently a Helmholtz pair) to produce an approximately
uniform field over the extended flow channel.

(¢) Addition of a ballast chamber, a precision leak valve, a
mechanical vacuum pump, and a vacuum gauge to supply controllable

quantities of selected gases to the breech of the gun (operating
in the gas “puff" mode).

(4) Construct and calibrate fast response magnetic, electric and current
probes for flow diagnostics (designed by well known techniques, to have
Y response times 0.1 sec.).
(5) Perform experimental pammetric surveys {with full monitoring) of:
(a) Plasma beam velocity.
i (b) Plasma beam density. ;
(¢) Plasma beam particle mass (variations in composition). i
¥
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Propagation chamber ambient pressure.

e

Background magnetic field intensity.

f  Background magnetic field structure.

6 Analyze results of experimental surveys as to:
a Dependence of propogation stability on parameter values.
b Characteristic of instability structure (growth rates, spatial
scales, onset conditions, saturation levels).
7

Summarize results in form for inclusion in computer simulations
(especially in computer simulation areas a. and 0. described previously).

8 Investigate experimentally (guided by appropriately modified computer
code predictions as they become available) possible means for stabilizing the

propagating beam with an aim of achieving the highest energy in the beam
: consistent with stability.
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EXPERIMENTAL INVESTIGATION OF BEAM PROPAGATION
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166+ CURRENT LOOP MAGNETIC FIELD CALCULATION
115%
¥ 129 THTEGER MNKNYINZ
138 REAL SVECT(S17) » XMINs AMAYX s YHIN: YMAX s ZMIN: ZHAX s DX+ IV s D251 (5) 1 NORM
14F UPEN(FILE='PTFIL! /UNIT={75TATUS=7UNKNOUN' » ACCESS=TLINEND')
158 CLL SCRSUP (SVELTsMsN)
168 CALL GRID(XHIN: THIN»XMAX: YMAK: ZHINs ZHAX 1 NX s NY 1NZ s DX s BY1DD)
176 NORM=1.D
? 185 CALL DFCALC(SVECT1M18181850191811,18.r 1. sHXoNY sNEsNSNORH)
19§ CALL DFUALD {SVECT M2 XMIN2 YMIN2 XMAX) YMAX 2 ZHIN: ZMAX2 DX, Y 10Zs NX 7 NY 2 NZ2 N1 NORM)
265 3ToP
215 END g
22y SUBROUTINE SCRSUP(SVECTrMsN) 3
06 REAL SVECT(5:7)1M(S)
Y 240 PRINT)fINPUT THE NUMBER OF SOURCE CURRENT LOOPS '§INPUT:N
259 1=t :
240 10 i8 WHILE (T.LE.N)
74 PRINT:*INPUT CURRENT LOOP SOURCE *:1:* POSITION (XIsY¥I.ZI)!
Z86 WNPUTr (SVECT(I»u) 1d=113)
294 PRINT* INPUT CURRENT LOOP WIDTH(X) AND LENGTH(Y)!
305 INPUTy (SVECT(IJ)1J2415)
31¢ FRINT»?INPUT CURRENT LOOP :Is! STRENGTH(NSI)'
L5 THPUTH(D)
1818 1=+
RETURN
END
SHUEROUTINE GRID(XMINs YMIN:YMAX: YMAX: ZMINsZMAX 1 NXsNYsNZs DX DY1DZ)
REAL XMINs YMINsZMIN,XMAXs YMAXZMAX1DX,DY)DZ
INTEGER NXsNYiNZ
PRINT;’FIELD POINT CRID?FPRINT,
PRINT; INFUT MAX FTELD COORDINTES (X;Y:Z)7§ INPUT:XHAYy YHAY s ZHAX
PRINT, 7 INPUT MIN FIELD COORDINATES (X»Y2Z) !5 INPUT:XMIN: YMIN+ZIMIN :
328 PRINT»#INPUT GRTD RESOLUTION(DYsDYsDZI) *§INPUT:DX:DY:DZ F
6 HYE CXNAX-XHIND /DK+1
Lef NY= (THAX-THIND /DY+1
A55 NZ=(ZNAX-ZHIN) /DI+1
440 ZND
376 SUBROUTINE SCRPRT(SVECT:H:N) ;
425 REAL SVECT(S:7)sM(S) ]
458 INTEGER N ;
5E5 PRINT,7SOURCE CURRENT LOOP FIELD INPUT PARAMETERS’
516
z

e
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FRINT, :PRINT 188
105 FORMAT (2% CURRENT LOOP 16Xs PXIT s8N TYI? 482 F217 57X FHIDTH? »
2 L3NS TLENGTH? »3X2 TN#1Y/)
340 PRIMT §16y (10 (SVECT(I: )2 J=11B)sM(T) s 1=1 N}
4 376 116 FORMAT (BX211,3X:SF1G.49F9.1)
v 358 RETURN
379 END
LEG GUBROUTINE GRDPRT (XMIN: THTN) XMAX YHAX s ZMINS ZHAY » DY DY DY)
7 REAL XWIN: YHIN, XMAX: YMAX) ZNIN, ZMAX, DX, DY.DZ
& ?RIHT:iPRINT:’FIELD GRID PARARMETERS’
g

PRINT,TXHIN = 7,XMIN,? YHIN = 7, YMIN: TZIMIN = ?,ZMIN ]
$ 20 PRINTISXMAY = 5o XHAX:® YMAX = 7sYNAX:TZMAL = frZMAX :

£236 PRINT:FDX = HHDXs? DY = 7,0Y,7DZ = *.DZ
449 RETURN
£59 END
£&5 SUBRTIUTTINE DFCALC(SVECT My XMIN: YHIN: XMAX: YHAX s ZHIN: ZMAX s DX> DY 1 DI NYNY,
176 ZNLHRNCRM
& oF REAL SVETT(S71 9M(S) » XMIN YMING ZHIN: XMAX: YHAY s ZMAY s DX s DY s DT NORM
THTEGER NXaNYsNZoN
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785 REAL XoYeZsoPXoSPYrSPT INTCs 110120130340 ds {25 AL YL BES)
716 CALL STRPRY (SVECTMiN)
723 CALL GRDPRT (XMIN»YHMIN:XHAY:YHAX s ZMINsZHAY DYDY DT)
38 WRITE{1,5¢3)
748 Z=IWIN
736 DO 116 L=1NZ
748 T=YHIN
- - 776 D0 168 I=1,NY
= 726 X=XHMIN
- 796 D) 96 J=1:NY
» 8969 2(1)=0:3(2)=28i8(31=0
- S16 B0 26 K=1N
328 SPU=SVECT(Ks1) i XuJ=X~-EPY
336 SPY=SYECT(K,2)3Y.J=1-5PY
-4 348 SPI=CVECT(Kr2) 12d=1-3PZ
= 836 XL=SVECT{K»4)/2
= . 368 YL=SVECT(K,5)/2
B7C I1=INTG(Y.Je X oL 2dr L)
830 IZ2=IHTC(XJdrYdrYLZdeNL)
826 I3=INTO{YJdrXdz~XL+ZJrYL)
Q3¢ 14=INTG{XJr Y Js=YL 1 Zds XL)
. 91iF B{L)=R(t)+2Je(1}-1I3)
= G228 BL2)=2U2)+IJ%(12-14)
328 B{3)=3(3)={XJ=XL) #1i~{YJ=YL) 212+ (L J+XL) 213+ {YJ+YL )} »#]4
9445 89 CONTINUE
938 BO §128 11=1,3
968 LZE B(IT)=B(TI)/NORM
973 B(4)=SORT(B(1)#32+B(2)#22+B (2} #+7)
386 IF{NORM.E20Q.1.)
996 NORM-E(4)
1566 RETURN
1615 END IF
1926 WRITE(1»318) XsYsIsB
1623 'SE8 FORNAT (P87 15 P Y o 10 s P Y P 10X s P T7 1 18X 5B 1 QA PBY? 1 91 BT,
1646 &94,787 )
1856 219 FORMAT(1X»3F18.2:4F11.3)
1546 S5 L=X+D}
1878 WRITE(11526)
138G 166 (=Y+DY
1494 ¥RITE(11528)
1106 11§ Z=Z+D2
1119 528 FORMAT (/)
1126 RETURN
1138 END
1149 REAL FUNCTION INTG(B:PsPH:IsUL)
1156 REAL 0:P:PE:Z:15L:8sCyD *
1156 INTG=6
1178 B=~Z2x1
1180 C=0x47+(P-PAYx2247522
1156 D=Ra37-43C
1206 IF(DNE.B)
- 1216 0D 1 [=2:3
1229 INTG=INTG= (~1)#1+2# (22UL+B) /D/SART (UL #5248 UL+0)
1236 18 Ul=-UL z
1786 ELSE
1256 DD 26 1=2,3
1245 INTO=INTG-(-1)#2126 .55/ (UL+B/2)#+2
3 1276 26 LL=-UL
12686 END IF
1296 RETURN
12486 END
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COMPUTATION OF MAGNETIC FIELD LIMIT:

CRITERION: V/V, > 10

where V = PLASMA FLOW VELOCITY
V, = ALFVEN SPEED
%
= B/(uo MN)

B = MAGNETIC FIELD STRENGTH
M = PLASMA PARTICLE MASS

N = PLASMA PARTICLE DENSITY

In MKS UNITS: p, o 10-6
M~ 10726
N ~n 1022

vV ~ 10%

"+ B < 1072 (102 gApss)
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